Glass fiber reinforced plastics are used in variety of industrial and constructional applications for their superb mechanical and physical properties. Delamination is one of the most important and prevalent damages in machining of glass fiber reinforced plastics. Diamond core drills have the capability of simultaneously drilling and grinding of fiber reinforced plastics, which results in hole quality improvement. Rotary ultrasonic-assisted drilling is the new machining process to drill holes on fiber reinforced plastics and has attracted increasing attention in recent years. In this paper, thrust force and delamination in rotary ultrasonic-assisted drilling of glass fiber reinforced plastics using diamond core drill have been investigated. A proper ultrasonic system for a core drill in ABAQUS was designed and fabricated. Influence of ultrasonic vibration and then tool grain size, fiber-volume fraction and machining parameters including spindle speed and feed rate on thrust force and delamination was investigated. Higher thrust force induces more delamination. As a result of the study, less delamination was achieved in ultrasonic-assisted mode by using a tool with larger grain size onto lower fibervolume fraction composites. Additionally, experiments showed that lower spindle speed and higher feed rate induce more delamination.
Introduction
Glass fiber reinforced plastics (GFRPs) due to high physical and mechanical properties are being widely used in construction, aerospace, military and transportation applications. 1, 2 On the other hand, in machining area, chipping mechanism of GFRPs differs from homogeneous materials and special attention must be taken into account. 3 Precise hole size achievement through assembling of fiber reinforced composites is a challenging problem in aviation industry. 4 Main difficulties in machining of fiber reinforced composites are owing to different properties of fiber and resin segments. Based on the experiments, composites tolerate a little plastic deformation and their elongation at break is less than steels'. 5 General problems in drilling of composites are delamination at entry and exit, tearing, chipping, roughness of hole wall. 6 Fiber reinforced composites drilling is affected by material tendency to delamination under different machining forces or moments. 7, 8 Delamination is a dominant problem in machining of GFRPs, which rapidly deteriorates mechanical properties of the workpiece. 9, 10 Due to importance of this issue, numerous attempts have been made to determine delamination and develop the relationship between machining parameters and delamination. 5, 11 Figure 1 demonstrates the delamination in core drilling process.
Typically, delamination damage occurs at entry and exit of the hole. 13 Delamination also happens in inner layers for which advanced instruments are needed to determine the damage area.
14 According to previous studies, 15 while tool is coming out, due to compression of uncut layers by the tool, elastic bending occurs. In the following, number of layers decreases and therefore induced stress conquers interlayer strength and causes crack creation around the hole named delamination. At entry area like a power screw, the rotary motion of the drill induces layers to move linearly along the drill axis. 15 Numerous researchers reported that in drilling of fiber reinforced composites, hole quality extremely depends upon the drilling parameters, tool material and geometry. 7, 8, 16 Direct relationships have been introduced between cutting force and delamination at entry and exit. 13 Various tools with different geometries and materials have been used in machining of composites. Most of the experimental investigations indicated that HSS tools are inappropriate for drilling of plasticbased materials. 17 Arola et al. 18 used polycrystalline diamond (PCD) tool in trimming of epoxy/graphite composites. Davim et al. 19 also used K10 cemented carbide tool to drill GFRPs and showed that feed rate increment and cutting speed decrement results in delamination increment. Since PCD tools were expensive, toothed tools replaced them. 13 Lacalle et al. 20 designed a multitooth tool to drill carbon fiber reinforced composite (CFRP). Yuan et al. 21 also used a diamond core tool in drilling of CFRP.
Konig et al. 3 studied about reinforced composites machining and results showed that high feed rates cause crack at the hole exit and decline hole quality. Rubio et al. 22 observed that high tool rotational speed results in delamination decrement that is due to temperature increment with rotational speed increase, which causes matrix softening and delamination decrement.
The effect of composite components on the machining results were also investigated by researchers. Compston and Jar 23 studied fracture toughness in woven 5HS carbon/epoxy composites through fiber-volume fraction variation. Feret et al. 24 also conducted deeper study in the same subject. Davies et al. 25 investigated the effect of fiber-volume fraction variation in GFRP under flexural loading. Fiber amount variation effect in machining of GFRP with HSS tool was also studied by Budan et al. 26 They found that fiber increment results in more tool wear and delamination. Glass fiber volume percent effect in rotary ultrasonic assisted drilling of GFRPs have not been studied up to now and will be discussed in this paper.
Utilizing vibration in machining was firstly introduced by Kumabe. 27 Principles of this method consist of exerting high frequency (16-40 kHz) with a low-vibration amplitude (2-30 mm) on the tool or workpiece in feed direction. 28 Takeyama et al. 29 concluded that by exerting vibration on the tool in drilling operation, average thrust force lowers and chip minimization occurs. Additionally built-up edge diminished and subsequently quality of the hole improved. Zhang et al. 30 showed that vibration-assisted drilling of fiber reinforced plastics decreases the delamination compared to conventional drilling. Arul et al. 31 carried out conventional and vibration-assisted drilling of GFRPs using HSS tool to examine thrust force, tool wear and delamination. They constructed a relationship between thrust force and delamination. Consequently, by controlling the thrust force, damage-free drilling was implemented. Debnath et al. 32 compared the hole quality in rotary mode ultrasonic drilling of GFRPs with ultrasonic drilling and observed that delamination at hole entry and exit is prevented in rotary mode ultrasonic drilling. Ultrasonic-assisted machining was firstly developed by Uhlmann et al. 33 Rotary ultrasonicassisted drilling (RUAD) is a combination of conventional grinding and high-frequency vibration. 34 RUAD schematic is drawn in Figure 2 . Li et al. 35 compared RUAD with conventional drilling of ceramics and observed lower force, higher material removal rate and better hole quality in RUAD.
Since RUAD tools similar to grinding tools consist of abrasive grains, size of grain and its concentration should be considered as an effective parameter. Some studies have been conducted on the effect of grain size in conventional grinding process. [36] [37] [38] Demir et al. 39 studied the effect of grain size in conventional grinding and found that larger grains result in higher machining force. Grit size issue in RUAD seems to have been paid more attention. Pei et al. 40 studied various parameters in RUAD of zirconia ceramics and discovered that larger grits result in higher cutting forces. Moreover, Jiao et al. 41 investigated interaction between various parameters of RUAD and reported that the lowest cutting force was obtained through combination of low feed rate, high ultrasonic power and finer grits that leads to minor chipping thickness. Previous investigations revealed that delamination is a dominant problem in GFRP machining and has a close relationship with cutting force that is related to different parameters. Based on the literature review, particularly in RUAD of GFRP with diamond core tool, no research on the effect of grit size and fibervolume fraction is observed. In this paper, a comprehensive research on the influential parameters on delamination in RUAD of GFRP with a diamond core tool including tool, workpiece and machining conditions is carried out. Grit size of the diamond tool, fiber-volume fraction of the GFRP workpiece and machining parameters, feed rate and cutting speed are taken into consideration. Eventually, outcomes of this study can be used in industrial application of RUAD process to adjust the input parameters.
Experimental setup
In this research, ML605 epoxy resin and HA-11 polyamine hardener (manufactured by Mokarrar Engineering Materials Co.) were used as matrix. Epoxy resin properly bears mechanical loadings and has low viscosity that provides the GFRP for a variety of applications. Furthermore, unidirectional E-Glass (manufactured by Gruit) was used as reinforcement. Properties of resin and fibers are presented in Table 1 .
Eight-layered composites are fabricated using hand layup method. Subsequently, based on the epoxy manufacturer datasheet, composites are put in room temperature for 7 days to be cured. Fibers are unidirectionally placed in layers. [0 2 /90 2 ] symmetrical system is selected for composite layout. Composite thickness is 1.5 mm. Fiber-volume fractions are 44% and 65%. Because of composite contamination, no coolant is used. GFRP workpiece fastened by an appropriate fixture and dynamometer is placed under that to measure thrust force.
In this study, a rotating system including tool, transducer and concentrator (horn) was designed and a longitudinal vibration applied on the tool while rotating.
Horn could be divided into three sections. First section is cylindrical to avoid heating. Cylinder diameter is based on the transducer part. 35 Next section is in taper shape in order to concentrate the ultrasonic energy. The last one is threaded with a conical hole to keep the tool tightly. A nut is also used to create a connection between horn and tool. Horn and tool set is illustrated in Figure 3 .
Drilling tools used in this research are the metalbond diamond core drills, provided by SCHOTT Diamond Tool Corp. The outer diameter of the core drills and wall thickness were 6 mm and 1.5 mm, respectively. Diamond core drills, the most proper tools to drill fiber reinforced composites, 42, 35 are in variety of grain sizes. Diamond grain number of the tools used in experiments were D64 and D107, which mean 62.5 and 100 micrometer grain sizes, respectively (according to FEPA standard system). Resonance frequency of the transducer employed in this research was 20 AE 0.5 kHz; therefore, the resonance frequency of the designed horn and tool altogether should be in this range. In order to do this, various geometries were examined in ABAQUS finite element software. Finally, optimized resonance frequency (20470 Hz) was achieved. To ensure designed model accuracy, different mesh types and sizes were selected and no significant difference was observed. Modeling of horn with tool in ABAQUS software is shown in Figure 4 .
Mechanical properties of tool, horn and other parts used to model the vibrating system in ABAQUS software are listed in Table 2 .
On the other hand, horn part should have suitable mechanical and acoustical properties to be applied in vibration system. Mechanical properties include fatigue strength, high yield strength, fracture toughness and wear resistance. Acoustical properties also include low energy loss, low vibration damping and high sound speed. Aluminium 7075, a good option for abovementioned properties, machined through turning machine and then assembled on the tool.
Furthermore, two discs were used as a support between horn and transducer, defined as a node with zero amplitude (Figure 5(a) ). Moreover, to create a connection between horn and transducer, a screw is used. Nut is in the position of the next (last) node position. Node locations should be adjusted properly to achieve an amplified vibration on the tool. The maximum vibration amplitude occurs on the end of the horn where the tool is positioned. It should be noted that transducer geometrical tolerance plays a main rule in higher performance of the vibrational system. Bottom of the horn must be ground after machining to obtain better surface finish in order to have a good performance in energy transmitting.
The ultrasonic vibration setup consists of two components: ultrasonic generator and ultrasonic vibration transmission system (transducer + horn). To apply ultrasonic vibration on the core drill, a 3000-watt MPI generator is used. Experiments were conducted on FP4M CNC universal milling machine manufactured in Mashinsazi Tabriz, Iran. Thrust force is measured with a Kistler piezoelectric dynamometer and then plotted via Dynoware software.
To combine the rotating system with a CNC machine, a fixture was designed and fabricated, supported with ball bearings on the top of the fixture, as shown in Figure 5 (b). Transducer is put into a case and then pressed into the ball bearings. Rotational motion of the spindle was received via a belt and driving pulley ( Figure 5(b) ).
A collector transmits electricity to the transducer. Moreover, in order to prevent circuit disconnection while rotating, a slip ring as shown in Figure 5 (c) is utilized; therefore, the tool rotates and vibrates without any problem.
Superiority of this method is integrity of the complex to use in industry since various tools would not affect the system design. In the vibration system connected to transducer and generator, to apply the extracted resonance frequency from ABAQUS modeling software, LabVIEW software was used. Experimental setup is shown in Figure 6 . Holes are located in 2 cm distance (three times the hole diameter) to prevent holes delamination effect on each other (Figure 7 ). Laminating schematic and hole entry is shown in Figure 7 .
To measure delamination, the Easson visual measurement machine (VMM) was utilized. Machining parameters adjusted as in Table 3 .
Different relationships have been offered to define delamination in diverse conditions. In this study, as depicted in Figure 8 , delamination factor (F d ) is obtained through dividing maximum diameter of delamination area (D max ) on the hole diameter (D 0 ) 15 
In this method, firstly the hole diameter is measured using VMM. In addition, damaged places around the hole are selected and accordingly the maximum possible circle plotted. So delamination would be calculated.
Full factorial method was used to design experiments. Afterwards regression analysis was used to describe and measure the relationship between given variables. Full factorial method is suitable for experiments with limited number of input variables. Since input variables in this research include cutting speed, feed rate, fiber-volume fraction and grit size, full factorial design method seems to be appropriate. The experiments were repeated for three times.
Results and discussion

Effect of ultrasonic vibration
Ultrasonic-assisted machining unlike other advanced machining techniques, as laser machining or electro discharge machining, induces lower residual stress and thermal and metallurgical damages. 12 According to Figure 9 , thrust force and delamination decreases in RUAD as compared to conventional drilling. The main reason of thrust force decrement in RUAD is intermittent nature of the process that results in average force reduction. Further affecting factors comprise the following: (1) Friction reduces due to tool-chip sticking contact decrement that is result of vibrational motion of the tool. (2) Plastic deformation reduction because of relative speed of drill tip. Vibrational motion of the tool as opposed to conventional drilling causes lesser plastic deformation and as a result of that, friction and chip sticking reduce. Actually, static state of drill tip in conventional drilling converts into dynamic state in RUAD. (3) Tool wear is an effective parameter on thrust force and descends due to mechanism of RUAD. Due to high and continuous tool-workpiece contact in conventional drilling, tool wear quickly occurs, while by applying ultrasonic vibration, tool wear could be improved and accordingly thrust force decreased. 46 (4) Better chip evacuation: In RUAD, the tool acts as a chip breaker and due to vibrational impact on the chips eases the separation mechanism of chips from the workpiece and results in thrust force decrement. Hocheng and Tsao 12 also obtained the same results, by applying ultrasonic vibration on the tool, thrust force and torque reduced 30%. Figure 9 is also in continuation of the work of Liu et al. 42 that totally concluded rotary ultrasonic elliptical machining can improve hole precision of fiber reinforced polymers. 
Attained results in
Effect of fiber-volume fraction
According to Figure 10 , by fiber-volume fraction increment from 44% to 65%, thrust force and delamination have been increased. Fiber-volume fraction increment induces larger thrust force, which is due to high energy absorption by burst type cutting that results from matrix damages and fiber pullouts. 47 Fiber-volume fraction increment results in GFRP initial toughness reduction. Resin part bears most of the sustained stress. On the other hand, woven fibers in GFRP stop crack propagation. Totally failure toughness ascends 24 and the required force to cut and separate the fibers increases. However, magnitudes of thrust forces depend on the fibers arrangement in the matrix. 48 In this research, woven fibers are in [0 2 /90 2 ] layout which fibers in perpendicular direction obstacle crack propagation and lead to higher thrust forces. Research conducted by Kim et al. 47 on machining of GFRP using carbide tool also indicates that thrust force increases by fiber-volume fraction increment.
Due to fiber-volume fraction increment and thereupon soft resin decrement, fibers bonding reduces, which leads to more delamination. Also by soft epoxy resin decrement and temperature increase in drilling, the composite softens more which induces lesser delamination. Figure 11 illustrates the tool with D107 grain number that induces lower thrust force and delamination compared to the tool with D64 grain number.
Effect of grit size
According to previous studies in grinding process, tools with larger grit size lead lower forces 49 and surface roughness. 50 However, material removal rate increases by grit size increment. 51 RUAD tool with smaller grit size results in more tool-workpiece contact area. Therefore, thrust force increases and as a result of that, delamination increases too. On the other hand, in tools with larger grit size, there is more space between abrasive grits and accordingly less tool-workpiece contact occurs. Consequently, less thrust force and delamination appear.
Moreover, in grinding tools with larger grit size, higher forces per grit occur that lead to more tool wear. 52 Consequently, it should be noted to obtain a hole with high precision, the diamond core tool must be changed periodically. However, according to the investigation by Liu et al., 42 applying vibration could improve tool life. 42 Hence, in RUAD process, a core diamond tool with D107 grain number is able to generate more holes with high precision (less delamination) compared to conventional drilling.
Effect of feed rate and spindle speed
According to Figure 12 , in both of conventional drilling and RUAD, feed rate increment results in thrust force and delamination increment. Based on metal cutting mechanics, due to higher instantaneous tool-workpiece contact area in higher feed rates, larger thrust force is obtained. Furthermore, machining forces result in vibration and elastic deformation of the machining tool and cause tool deviation. 53 Although, according to Figure 12 , higher feed rate causes higher machining force, it is concluded that higher feed rates could lead to more tool deviation and vibration. Caprino and Tagliaferri 54 also claimed that by feed rate increment, damage pattern of delamination is affected by tool edge interaction, stepwise delamination, interlaminar crack and micro-sized deterioration. In this regard, Inoue et al. 55 declared that low feed rates are appropriate for less production with high quality and high feed rates are suited for high production and less quality.
Machining conditions of polymer composites by means of other tools such as twist drill, 56 K-10 drill 57, 58 confirm the achieved results in Figure 12 . 19, 59 Furthermore, Figure 12 shows that higher spindle speed induces thrust force and delamination decrement. Chipping amount by tool edge per 1 mm feed increases by spindle speed increment. Therefore, the formed chip could not result in more delamination owing to the fact that by the next formed chip will be crashed rapidly (due to high tool rotation speed). Moreover, spindle speed increasing causes more heat generation that is due to tool-workpiece friction. 60 As a result of that, thrust force will be lowered 61 and induces delamination descendant. Our achieved results have been approved by Bajpai et al. 62 investigation which in drilling operation with Jo drill tool on polylactic acid laminate, spindle speed increment resulted in drilling-induced damage decrement. 63 
Conclusions
In this paper, a comprehensive research on the influential parameters on delamination in RUAD of GFRP with a diamond core tool including tool, workpiece and machining conditions is conducted. To perform this analysis, a vibratory system combined with a core drill is designed and fabricated. Furthermore, modal analysis, considering desired resonance frequency, is carried out to optimize horn geometry. Therefore, RUAD system developed to have an ability to vibrate and rotate the tool simultaneously. After running experiments, ultrasonic vibration, fiber-volume fraction of GFRP workpiece and grain size of the tool effect on thrust force and delamination in various spindle speeds and feed rates were studied. Totally, subsequent results were extracted: -RUAD mechanism results in reduction of average thrust force and delamination up to 70% and 23%, respectively, compared to conventional drilling which is mainly related to intermittent motion of the tool in RUAD. Further parameters that reduce force and delamination in RUAD of GFRP include reduction of fiction, plastic deformation and tool wear. Also, better chip evacuation in RUAD is an influential parameter. -Fiber-volume fraction decrement from 65% to 44% results in delamination reduction up to 28% because of soft resin amount increment. -D107 grit number comparing to D64 results in reduction of delamination up to 15% and average thrust force up to 29%, which is due to more distance between the abrasive grits in tools with larger grit size and accordingly lesser tool-workpiece contact. -According to machining parameters, spindle speed increment and feed rate decrement reduce thrust force and as a result of that, reduce the delamination. That is because of lower instantaneous toolworkpiece contact area in lower feed rates and rapidly chip crashing in higher spindle speeds.
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